Abstract-We propose in this paper the design, realization and experimental characterization of a low-profile metamaterial "bent" monopole antenna with a total height of 0.027λ 0 and a fractional bandwidth of 24.4% around 1.3 GHz. The metamaterial (MTM) structure is a dual-layer mushroom-like electromagnetic band gap (DL-EBG) conceived and optimized to improve the antenna's operating bandwidth. Moreover, a "Sabre-Type" antenna composed by two identical "bent" monopole metamaterial antennas placed on both sides of a composite thin slab material has been simulated and realized. The "sabre" antenna provides a vertically polarization and omnidirectional radiation patterns in the elevation plane while its radiation patterns are almost directional in the azimuth plane. A maximum gain of 8.7 dB is obtained by measurement at 1.45 GHz. A remarkable agreement is obtained between the measured and the simulated results.
INTRODUCTION
Low-profile antenna structures are subject to intensive development work during the past decade [1] . The main objective is to conceive compact antennas which could be integrated and imbedded into miniaturized systems [2] . Hence, there are different techniques [3] [4] [5] which allow a large reduction of the antenna dimensions, like using high permittivity substrates or meandering paths and fractal shapes antennas. However, they still present the disadvantage of narrow antenna bandwidth and even important ohmic losses in the case of fractal shapes antennas. So presently, they are not suitable for aeronautic applications.
Sievenpiper et al. have developed High Impedance Surfaces (HIS) [6] with new electromagnetic properties, also called electromagnetic band gap (EBG) material. In front of an incident wave the structure operates as a perfect magnetic conductor (PMC) [7] with a reflection coefficient equal to +1 [8] . This property has been intensively investigated to design low-profile antennas [9] [10] [11] [12] .
For instance, in [9] , a circularly polarized patch antenna was characterized using an artificial magnetic conductor ground plane (AMC GP) and for comparison with a usual perfect electric conductor (PEC). A significant improvement has been obtained in the antenna matching input impedance and fractional bandwidth: from 1.5% to 9.6%. Then, in [10] , a conventional 40 GHz patch element was surrounded by double and triple rows of EBG structure. The proposed antenna presents a fractional bandwidth up to 15%, a gain of 6 dB and a cross polar < −20 dB. Next, in [11] , the patch antenna element is inserted at a certain distance inside the HIS material and acts as a patch-fed surface wave launcher. The HIS was composed of a periodic pattern of uniplanar metalized patches etched on a dielectric substrate backed by a PEC GP. The antenna presents a monopole-like vertically polarized radiation patterns at 4.72 GHz with a bandwidth of 5.9% and a maximum gain of 5.6 dB. Finally, in [12] , a "bent" monopole antenna based-on mushroom-like EBG GP has been designed for beam switching for radar system at 4.32 GHz. In this case, the fabricated EBG GP was composed of 8 × 8 unit cells with total size of 1.1λ o × 1.1λ o × 0.065λ o . The monopole element was placed at 0.02λ o over the EBG-GP (air gap). Thus, a fractional bandwidth of 10.6% with a maximum gain of 7 dB is obtained at 29 • .
In this paper, we present a 24.4% relative bandwidth "bent" monopole MTM-based antenna for aeronautic applications. The designed antenna is based on a dual-layer mushroom-like electromagnetic bandgap, DL-EBG structure (called three-layer EBG structure or high impedance surface by D. Sevenpiper in his Ph.D. dissertation 1999) used as a ground plane with a total height of only λ o /36. The antenna dimensions are 1.
A comparative study (Section 3) has been performed between two "bent" monopole antennas based respectively on a "conventional" single-layer and a dual-layer mushroom-like EBG structures. This study demonstrates the superiority of the DL-EBG to achieve more compact antennas. Indeed, the size of the EBG unit cell patch is reduced by a factor of ∼ 1.827 while maintaining the EBG height unchanged and the total antenna height (thickness of the EBG + distance between the EBG and the antenna) was also reduced by a factor of 1.81 for the same resonant frequency (1.3 GHz).
Furthermore, in order to demonstrate the benefit of the DL-EBG, the antenna performances were simulated in three following cases.
• The "bent" monopole element is placed over a standard PEC ground plane (PEC GP) at a distance of h = λ o /36. • The distance between the standard PEC ground plane (PEC GP) and the radiator element is progressively increased from h = λ o /36 (previous case) to λ o /7.
• The "bent" monopole element is placed over a dual-layer MTM ground plane (MTM GP) at a distance of h = λ o /36.
In the first case, the antenna behaves like a capacitor element. In the second case, a height of at least h = λ o /7 has been required to achieve good matching impedance and antenna's gain. In the third case, a height of only h = λ o /36 is required to obtained comparable results. The study is developed in Sections 4 and 5.
Besides, an array antenna, composed by two identical MTM "bent" monopole antennas placed on both sides of a thin slab of composite material, has been built to form a "Sabre-Type" antenna ( Fig. 1) . The experimental radiation patterns show a monopole-type antenna behavior with a vertically polarization (VP) and almostomnidirectional radiation patterns.
The simulations were performed using CST STUDIO SUITE TM which is based on the Finite Integration Technique (FIT) with a hexahedral meshing grid system for an accurate modeling of metamaterial antenna structures.
Composite material Figure 1 .
Designed "Sabre-type" antenna with two identical metamaterial-based antennas on both sides of a thin composite material slab. Figure 2 shows the designed MTM-based "bent" monopole antenna which is composed of two parts: 1) A strip line radiating element (length of 0.5λ g , width of 0.05λ g ) printed on a Rogers 5880LZ dielectric substrate (relative permittivity ε r = 1.96, loss-tangent tan(δ) = 0.0019). 
METAMATERIAL ANTENNA DESIGN AND TOPOLOGY
2) a dual-layer mushroom-like EBG (DL-EBG) ground plane composed by 7 × 7 unit cells with a total height H = 0.022λ o (∼ λ o /45) and square lateral sizes of 1.15λ o × 1.15λ o . Table 1 summarizes the dimensions of the structure.
The printed "bent" monopole element is fed by a 50 Ω input coaxial line (as shown by Fig. 2(b) ). The position (X, Y ) of the feeding input 
ADVANTAGES OF THE DL-EBG STRUCTURE
As mentioned before, two "bent" monopole antennas based on single layer EBG and DL-EBG structures (square patch mushroom-like unit cell) have been simulated and their performances are analyzed. The two antennas are designed to operate at 1.3 GHz. Here, we choose a dielectric substrate Rohacell 31HF with a permittivity of 1.046, loss tangent tan(δ) = 0.002 (similar to the air) and a height of λ 1.3 GHz /42.7 (for both EBGs). The unit cell (UC) is the mushroom-like patch with a square surface W s × W s [13] [14] [15] [16] . Hence, the parameters (W s, gs, P , da, de, Fig. 3 ) of the two antennas are optimized separately to achieve a resonant frequency at 1.3 GHz while maintaining the same height (de = 0.023λ 0 ) and the same length of the "bent" monopole (La = 0.5λ 0 ) for the two EBG antenna structures. Figure 3 shows the designed antennas. In Fig. 3 (a) the "bent" monopole is placed over a "conventional" EBG structure [17] [18] [19] [20] [21] and in Fig. 3(b) , the "bent" monopole is placed over a DL-EBG structure. Fig. 4 gives the simulated reflection coefficient S 11 for the two antennas for different total height (D total = da + de). Here, da is the distance between the EBG and the antenna element and de is the thickness of the EBG. Figure 4 (a) shows the results of the "bent" monopole antenna based on the "conventional" EBG structure using the optimized parameters of Table 2 . The resonant frequency is centered on ∼ 1.3 GHz and remains unchanged with the distance da. A good matching impedance (S 11 < −28 dB) is obtained only for da = 0.03λ 1.3 GHz (or D total = 0.053λ 1.3 GHz ).
Figure 4(b) shows the simulated S 11 parameter of the antenna (a) (b) Figure 3 . Geometry of the "bent" monopole antenna with two types of EBG structure: (a) "Conventional" mushroom-like EBG structure and (b) "dual-layer" mushroom-like EBG structure. based on the DL-EBG structure. The antenna has good impedance matching for the all the heights (see the dimensions, Fig. 4 ) and shows a particularly large bandwidth for da = 0.006λ 1.3 GHz (or D total = 0.029λ 1.3 GHz ) which represents 1/5 of the previous distance obtained for the antenna based on the single-layer EBG structure. Table 2 gives the optimized dimensions for both the two MTM antennas. The advantage of the DL-EBG structure is demonstrated by the reduction of the total antenna height (D total = da + de) and the surface size of the unit cell (P × P ) by a factor of 1.8 (see Table 2 ).
STUDY OF THE DL-EBG STRUCTURES
Let's come back to the designed antenna presented in Section 2. The antenna is made more compact by using a dielectric substrate (available Rogers 5880LZ). Figure 5 gives the conventional EBG unit cell including a ground plane, a dielectric substrate and a metallic patch connected to the ground plane by a metallic vias [22, 23, 25] . The structure can be described by an equivalent shunt combination of inductor and capacitor (lumped LC equivalent circuit). L is associated to the inductive loop path formed by the metallic patches, the vias and the ground plane. C is due to the fringing capacitance.
The resonant frequency can be calculated using the standard formula (2) [22] :
For the fringing capacitor, one of the many reported approximate expressions [22, 23] is that given by Equation (3) in [24] . It allows obtaining more accurate value for the antenna's resonant frequency (2) .
The inductor's formula is given by the Equation (4) [25] . Table 3 . Calculated L, C and f values of the EBG structure shown in Fig. 5 .
• C f = 0.7 pF (3) • C total = 1.13 pF (7)
The DL-EBG structure proposed first by the author Y. RahmatSamii [22] and developed in [26, 27] is shown in Fig. 6 . The metallic vias are distinct for each mushroom-like EBG layer.
The structure can be described also by an equivalent parallel LC lumped element as shown by Fig. 6(c) [23] [24] [25] . Here C s the parallel-plate capacitor which expression can be calculated using the Equation (5), where A e is the "overlapping" area of the metallic patches given by Equation (6) . Table 3 gives the calculated LC parameters (C total , L total and f 0 ).
Figure 7(a) sketched the suspended transmission line method [28, 29] used here to determine numerically the transmission signal (S 21 ) across the metasurface of Fig. 6(a) . Fig. 7(b) displays the simulated S 21 determined using this setup. The central frequency is centered on f = 1.35 GHz and the bandgap (transmission S 21 below −10 dB) is about 440 MHz, from 1.08 GHz to 1.51 GHz and corresponding to a fractional bandwidth of 33%. Hence, the simulated resonant frequency is not far from the predicted one (Table 3 ) using the formulas (2) to (7).
(b) (a) Figure 7 . (a) Model setup of the suspended transmission line and (b) the simulated transmitted S 21 parameter, across the metasurface of the Fig. 6(a) .
ANTENNA INPUT IMPEDANCE: COMPARISON BETWEEN STANDARD METALLIC GROUND PLANE AND METAMATERIAL DL-EBG GROUND PLANE
In this section, the "bent" monopole antenna is simulated respectively in the three following cases: Case 1: with a standard metallic ground plane (PEC) and a total height of λ o /36 (PEC GP, λ o /36) Case 2: with a standard metallic ground plane (PEC) and a total height of λ o /7 (PEC GP, λ o /7)
Case 3: with a thin metamaterial DL-EBG ground plane and a total height of λ o /36 (MTM GP, λ o /36).
In order to compare the different simulation results, some parameters remain unchanged; here the finite size of the ground plane (1.15λ o ×1.15λ o ), the "bent" monopole element (dimensions and material) and the coaxial feeding position (X = 0, Y = −0.425λ o ). Figure 8 gives the input impedance (Smith chart) referenced to 50 Ω for the three studied cases. For the first case, the input impedance becomes more and more capacitive when the frequency increase and the antenna cannot be matched to 50 Ω. For the second case, the input impedance crosses the matching circle (50 Ω) at f = 1.3 GHz. For the third case, the input impedance forms a loop around f = 1.3 GHz and the antenna may be matched over a large bandwidth from 1.193 GHz to 1.517 GHz (see also Fig. 9(b) ). The relative bandwidth is near 23.9% in good agreement with the calculated value; 26% using the formula (8) and LC values in the Table 3 . Figure 8 . Reflection coefficient (Smith chart) of the "bent" monopole antenna for the three studied cases.
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(a) (b) Figure 9 .
(a) Metamaterial fabricated prototype antenna, (b) measured and simulated antenna's S 11 parameter. The radiation bandwidth [30] is given by Equation (8): Table 4 summarizes the antenna's input impedance and the reflection coefficient (S 11 dB) for different frequencies inside the bandwidth which goes from 1.2 GHz to 1.52 GHz.
METAMATERIAL ANTENNA: PROTOTYPE MEASUREMENTS
The fabricated antenna prototype is shown Fig. 9 (a) with overall sizes of 1. StarLab (Fig. 10 ) SATIMO anechoic chamber facilities. Figure 11 gives the E and H planes radiation patterns (Cartesian and polar diagrams) for the central frequencies f = 1.35 GHz and f = 1.45 GHz. At 1.35 GHz, the antenna's gain is about 5 dB at θ = 0 • and 8.5 dB at θ = 30 • (Fig. 11(a) ). At 1.45 GHz, the measured maximum gain is about 8 dB at θ = 0 • and 9 dB at θ = 17 • (Fig. 11(b) ). The observed differences are due to the frequency offset between the measurement and simulation (Fig. 9(b) ). It should be noted that the radiation diagrams are identical in measurement and simulation, if we take into account the frequency shift. Figure 12 gives the radiations patterns (Cartesian diagrams) for the band edge frequencies (at S 11 = −10 dB). The left frequency is f = 1.215 GHz identical (as shown in Fig. 9(b) ) for the measured and simulated S 11 . The right band edge frequency is in contrast not the same (shift of 50 MHz) and f = 1.545 GHz for the measured S 11 and f = 1.517 GHz for the simulated S 11 (Fig. 9(b) ). At 1.215 GHz, the antenna's the measured maximum gain is around 2 dB at θ = 0 • (Fig. 12(a) ). At 1.545 GHz, the measured maximum gain is about 6 dB at θ = 0 • (Fig. 12(b) ).
"SABRE" ANTENNA: EXPERIMENTAL CHARACTERIZATIONS
A "Sabre-type" antenna composed by two identical "bent" monopole antennas (as shown in Fig. 1 ) has been built and totally characterized. In order to achieve a vertically polarized (VP) and omnidirectional radiation patterns, the two DL-EBG MTM based antenna elements are placed on both sides of a composite material slab (thickness of about 3 mm). The "Sabre-type" antenna is fed by a 50 Ω coaxial line (50 Ω SMA input connector) which use two quarter-wavelength impedance transformers -type circuits (Fig. 13) to match the two 50 Ω input impedance of the bent monopoles placed on both sides of the composite slab. The total S 11 characteristics versus frequency of "Sabre-type" antenna have been simulated and the result is presented in Fig. 14 Gain maximum, dB (θ = 0 • ) +2 +5 +8.5 +5
The radiation patterns of the "Sabre-type" antenna in the azimuthal plane are shown on Fig. 15 for the four previous selected frequencies (f = 1.215-, 1.35-, 1.45-and 1.545 GHz). The "Sabre-type" antenna behaves like a monopole-type VP antenna in all the bandwidth frequency. The radiation patterns are almost directive with a highest gain at 1.45 GHz. Table 5 gives the maximum gain for each frequency.
PARAMETRICAL STUDIES
Some sensitive parameters such as the length of the "bent" monopole antenna, the position of the feeding coaxial input and the metamaterial surface area (number of the unit cells) are analyzed in this section and compared to the optimum solution.
8.1. "Bent" Monopole's Length Figure 16 shows the simulated reflection coefficient (magnitude of S 11 ) when the length of the "bent" monopole antenna varies from 0.3λ 0 = 70 mm (or 0.42λ g ) to 0.546 λ 0 = 126 mm (or 0.76λ g ) while the others antenna's parameters are maintained constant. The antenna's operating frequency decrease when the length increases. The matching impedance bandwidth has an optimum value for ∼ λ g /2 (86 mm = 0.373λ 0 ) centered on 1.3 GHz. The simulated results show poor antenna matching impedance's for the two last feeding inputs ( Fig. 17 curve (2) and curve (3) ). 
"Bent" Monopole Position
DL-EBG MTM-ground
CONCLUSION
In this paper, we propose a detailed study of low-profile (only λ o /36) "bent" monopole MTM-based antenna with a dimension of 1.15λ o × 1.15λ o × 0.027λ o at 1.3 GHz. The MTM ground plane is dual-layer mushroom-like EBG structure (DL-EBG). For the same operating frequency and the same height, the simulation results show that the DL-EBG structure can achieve wider bandgap than the "conventional" mushroom-like EBG structure by a factor 4 at least (respectively 33% and 8%). A prototype MTM-based antenna has been fabricated and fully characterized. The measurements show a resonant frequency around 1.4 GHz and a fractional bandwidth of 24.4%. A remarkable agreement between the measurement and the simulations are obtained. Moreover, an array of two identical monopole antennas (placed on both sides of a thin composite media) has been built to form a "Sabre-type" antenna. The numerical and measured results demonstrate a vertically polarization of the "sabre" antenna which behaves like a standard monopole. The radiation patterns in the elevation plane are quasiomnidirectional quite identical to those of a standard of monopole type antenna. In the azimuth plane the radiation patterns are more directional with a maximum gain of 8.7 dB at 1.45 GHz. Parametrical studies with some sensitive parameters such as the number of MTM unit cells (lateral surface) of the ground plane, the dimension of the radiator element and the position of the feeding antenna input have been presented. In summary, we proposed an antenna based on a duallayer EBG structure with the following original features; more compact for low operating frequency (1.3 GHz), experimental bandwidth of 24.4%, total height is 0.027λ 1.3 GHz and very good return loss of 30 dB.
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